Short Title: foxr1 regulates embryogenesis via p21 and rictor Summary sentence: The foxr1 gene in zebrafish is a novel maternal-effect gene that is required for proper cell division in the earliest stage of embryonic development possibly as a transcriptional factor for cell cycle progression regulators, p21 and rictor.
Abstract
The family of forkhead box (Fox) transcription factors regulate gonadogenesis and embryogenesis, but the role of foxr1/foxn5 in reproduction is unknown. Evolution of foxr1 in vertebrates was examined and the gene found to exist in most vertebrates, including mammals, ray-finned fish, amphibians, and sauropsids. By quantitative PCR and RNA-seq, we found that 5 foxr1 had an ovarian-specific expression in zebrafish, a common feature of maternal-effect genes. In addition, it was demonstrated using in situ hybridization that foxr1 was a maternallyinherited transcript that was highly expressed even in early-stage oocytes and accumulated in the developing eggs during oogenesis. We also analyzed the function of foxr1 in female reproduction using a zebrafish CRISPR/Cas9 knockout model. It was observed that embryos from the foxr1-1 0 deficient females had a significantly lower survival rate whereby they either failed to undergo cell division or underwent abnormal division that culminated in growth arrest at around the midblastula transition and early death. These mutant-derived eggs contained a dramatically increased level of p21, a cell cycle inhibitor, and reduced rictor, a component of mTOR and regulator of cell survival, which were in line with the observed growth arrest phenotype. Our study shows for
Introduction
In vertebrates, maternal products including transcripts, proteins, and other biomolecules are necessary for kick-starting early embryonic development until the mid-blastula transition (MBT) when the zygotic genome is activated [1] . Maternal-effect genes are transcribed from the maternal genome and encode the maternal factors that are deposited into the developing oocytes 2 5 in order to coordinate embryonic development before MBT [2] . We had previously explored the zebrafish egg transcriptome [3] and proteome [4] in order to gain further understanding of the maternal factors that contribute to good quality or developmentally competent eggs that result in high survival of progeny. However, large gaps still remain.
The forkhead box (Fox) proteins belong to a family of transcription factors that play 3 0 important roles in cell growth, proliferation, survival, and cell death [5] . Many of these Fox proteins have been shown to be essential to the various processes of embryogenesis. In mammals, knockouts of several fox genes, including foxa2, foxo1, and foxf1, result in embryonic lethality due to defects in development of different organs ([5-7] ). In reproduction, a recent transcriptomic study in the Nile tilapia, Oreochromis niloticus, showed that more than 50 fox developing oocytes and lack of ovarian reserve of mature oocytes [10] . foxr1 was also found to have sexually dimorphic expression in eels (Anguilla anguilla and Monopterus albus) and marine medaka (Oryzias melastigma) which was predominately observed in the ovaries [11] [12] [13] .
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However, despite these observational studies, the function of foxr1 in vertebrates especially its role in reproduction remains unclear. Thus, in this study, we investigated the evolution of foxr1 and its phylogenetic relationship in a wide range of vertebrate species, as well as its biological function using knockout zebrafish models created by the CRISPR/cas9 system in order to broaden our knowledge on the evolutionary origin of maternal-effect genes and the underlying 5 0 mechanisms that contribute to reproductive success in vertebrates.
Materials and Methods

Protein databases
Since our model is based on the zebrafish, all gene/protein nomenclatures will be based on those 
Phylogenetic analysis
The phylogenetic analysis was conducted using the Phylogeny.fr online program [15, 16] . Amino acid sequences of 73 Foxr1, Foxr2, Foxn1, and Foxn3 proteins from the above-mentioned 8 5 species were aligned using the MUSCLE pipeline, alignment refinement was performed with Gblocks, and then the phylogenetic tree was generated using the Maximum Likelihood method (PhyML pipeline) with 100 bootstrap replicates.
foxr1 was detected using the foxr1 forward and reverse primers while the mutant form of foxr1 in the CRISPR/cas9-mutated eggs was assessed with the mutant foxr1 forward and reverse primers.
RNA-seq
RNA-seq data were deposited into Sequence Read Archive (SRA) of NCBI under accession 1 1 5 references SRP044781-84, SRP045138, SRP045098-103, and SRP045140-146. The construction of sequencing libraries, data capture and processing, sequence assembly, mapping, and interpretation of read counts were all performed as previously [14] . The number of mapped reads was then normalized for the foxr1 gene across the 11 tissues using RPKM normalization. 
In situ hybridization (ISH)
Ovary samples were first fixed in 4% paraformaldehyde overnight, dehydrated by sequential methanol washes, paraffin-embedded, and sectioned to 7 µm thickness before being subjected to the protocol. The sections were deparaffinized and incubated with 10 µg/mL of proteinase K for 8 minutes at room temperature, followed by blocking with the hybridization buffer (50% manufacturer's protocol. The digoxigenin (DIG)-labeled sense and anti-sense probes were transcribed from Sp6 and T7 transcription sites, respectively, of the vector containing the cloned foxr1 fragment and purified using 2.5M LiCl solution. The purity and integrity of the probes were verified using the Nanodrop spectrophotometer (Thermo Scientific) and the Agilent RNA 6000 Nano kit along with the Agilent 2100 bioanalyzer (Santa Clara, CA). The slides were then 1 3 5 subjected to 2 washes each with 50% formamide/2X SSC, 2X SSC, and 0.2X SSC at 55 o C followed by 2 washes with PBS at room temperature. The sections were subsequently blocked with blocking buffer (2% sheep serum, 3% bovine serum albumin, 0.2% Tween 20, and 0.2% Triton-X in PBS), and the anti-DIG antibody conjugated to alkaline phosphatase (Roche Diagnostics, Mannheim, Germany) was diluted by 1/500 and applied for 1.5 hours at room 
CRISPR-cas9 genetic knockout
Fish used in this study were reared and handled in strict accordance with French and European together, and cloned into the DR274 plasmid. In vitro transcription of the gRNA from the T7 initiation site was performed using the Maxiscript T7 kit (Applied Biosystems) and of the cas9 mRNA using the mMESSAGE mMACHINE kit (Ambion/Thermo Scientific) from the Sp6 site, and their purity and integrity were assessed using the Agilent RNA 6000 Nano Assay kit and 2100 Bioanalyzer. Zebrafish embryos at the one-cell stage were micro-injected with
approximately 30-40 pg of each CRISPR/cas9 guide along with purified cas9 mRNA. The embryos were allowed to grow to adulthood, and genotyped using fin clip and PCR that detected the deleted region. The full-length wildtype PCR band is 400 bp, and the mutant band with the CRISPR/cas9-generated deletion is approximately 160 bp. The PCR bands of the mutants were then sent for sequencing to verify the deletion. Once confirmed, the mutant females were mated 1 6 0 with vasa::gfp males to produce F1 embryos, whose phenotypes were subsequently recorded.
Images were captured with a Nikon AZ100 microscope and DS-Ri1 camera (Tokyo, Japan).
Genotyping by PCR
Fin clips were harvested from animals under anesthesia (0.1% phenoxyethanol) and lysed with The extracted DNA was subjected to PCR using Jumpstart Taq polymerase (Sigma-Aldrich, St.
Louis, MO) and the foxr1 forward and reverse primers that are listed in Supplemental Data 2.
Statistical Analysis
Comparison of two groups was performed using the GraphPad Prism statistical software (La Jolla, CA), and either the Student's t-test or Mann-Whitney U-test was conducted depending on the normality of the groups based on the Anderson-Darling test. A p-value < 0.05 was considered as significant. 
Results
Phylogenetic analysis of Foxr1-related sequences
To date, there are six reported members of the foxr/foxn family (foxn1-6), of which foxn5 and foxn6 are also known as foxr1 and foxr2, respectively. To examine the evolution of foxr1, we 1 0 used a Blast search approach using the zebrafish Foxr1 protein sequence as query in various amino acid sequences as out-groups, a phylogenetic tree was generated (Fig 1) . As shown in Fig   1 , the common ancestor of the vertebrate Foxr1/Foxr2 diverged from Foxn1 and Foxn3, and these sequences were clearly observed as two separate clades belonging to actinopterygii (rayfinned fish) and sarcopterygii (lobe-finned fish and tetrapods). In addition, Foxr2 was found only in mammals with no homologs detected in actinopterygii as well as sauropsids and amphibians. (Lepisosteus oculatus). The presence of two related Foxr1 sequences in these species could be due to an independent gene duplication event that occurred in these species.
Despite the previous report that stated that foxr2 was absent in tilapia, stickleback, zebrafish, and medaka genomes, we retrieved Foxr2 protein sequences using the zebrafish Foxr1 peptide sequence as query. Thus, using zebrafish Foxr1 sequence as the reference protein, we 1 1 sequences, and there did not appear to be any difference in homology between zebrafish Foxr1 and mammalian Foxr1 and Foxr2 sequences. Further, there was 47-60% positivity and 59-77% similarity between mammalian Foxr1 and Foxr2 sequences, indicating that these two proteins are 2 0 5 highly similar and probably diverged quite late in evolution.
Synteny analysis of foxr1 and foxr2 genes in vertebrates
In order to further understand the origin of the foxr1 and foxr2 genes in vertebrates, we performed a synteny analysis of their neighboring genes in representative vertebrate genomes 2 1 0 using the basal actinopterygian, spotted gar, as the reference genome and the Genomicus online database (Fig 2) . We found that between the spotted gar and mammals, there was conserved synteny of the foxr1, upk2, ccdc84, rps25, trappc4, slc37a4, and ccdc153 loci in their genomes.
In the frog (Xenopus tropicalis) genome, the foxr1, ccdc153, cbl, mcam, and c1qtnf5 loci were conserved, while in Coelacanth, foxr1, ccdc84, rps25, trappc4, slc37a4, cbl, ccdc153, mcam,  c1qtnf5, as well as rnf26 loci were found in the same genomic region as those of the spotted gar.
However, amongst the actinopterygians, there was lower conservation of synteny; in zebrafish and cave fish, the foxr1, ccdc84, and mcam loci were conserved while in the other ray-finned fish species, only the foxr1 loci was found. We further analyzed the foxr2 sequences that were found only in mammals, and we demonstrate here that they were all observed on the X chromosome 2 2 0 with no apparent conserved synteny of neighboring genes to those found in the spotted gar. Our overall analyses suggest that all the foxr-related sequences that were found were homologs, and the foxr gene in fish species probably derived from the ancestral foxr1 gene. Although there was the same degree of protein homology between zebrafish Foxr1 and mammalian Foxr1 and Foxr2 sequences, the phylogenetic tree and synteny analyses showed a clear distinction between them, 1 2 and the foxr2 gene probably derived from a later single gene duplication or transposon event as previously suggested [19] .
Expression profiles of foxr1
We next focused our efforts on foxr1 since it has previously been shown in eel, tilapia, 2 3 0 and medaka to be gonad specific and thus may have specific functions in reproduction. In order to investigate the potential functions of foxr1, we explored its tissue distribution using two different approaches, qPCR and RNA-seq, the latter of which was obtained from the PhyloFish online database [14] . In zebrafish, we observed from both sets of data that foxr1 mRNA was predominantly expressed in the ovary and unfertilized egg (Fig 3A and 3B) . By ISH, we also 2 3 5 demonstrated that foxr1 transcripts were highly expressed in the ovary in practically all stages of oogenesis (Fig 3C-E; negative controls, Fig 3F-H) .
Functional analysis of foxr1 in zebrafish
To understand the role of foxr1 during oogenesis and early development, we performed 2 4 0 functional analysis by genetic knockout using the CRISPR/cas9 system. One-cell staged embryos were injected with the CRISPR/cas9 guides that targeted foxr1 and allowed to grow to adulthood. Mosaic founder mutant females (F0) were identified by fin clip genotyping and subsequently mated with vasa::gfp males, and embryonic development of the F1 fertilized eggs was recorded. Since the mutagenesis efficiency of the CRISPR/cas9 system was very high, as 2 4 5 previously described [20, 21] , the foxr1 gene was sufficiently knocked-out even in the mutant mosaic F0 females. This was evidenced by the substantially lower transcript level of foxr1 in the F1 embryos as compared to those from control pairings (Fig 4A) . Thus, the phenotypes of foxr1 (n=5) mutants could be observed even in the F0 generation. Since none of the mutated genes were transmissible to future generations neither through the male nor the female (ie. all the 2 5 0 surviving embryos were WT), therefore, all of our observations were obtained from the F0 generation.
We observed that most of the embryos from the foxr1 mutant females had a very low developmental success at 24 hpf (25.2±5.5% vs. 85.1±8.3% in controls; p<0.0001) (Fig 4B) .
The penetrance of the mutation in the mutant females is demonstrated in Fig 4C, and it was 2 5 5 observed that 3 of the mutants produced abundant non-developing eggs that remained noncellularized, reflecting their failure to undergo cell division (Fig 5E-H) . The eggs derived from these 3 foxr1 mutant females did not undergo any cell division at 1 hpf and continued to display a complete lack of development up to 8 hpf. By 24 hpf, these non-developing eggs that failed to divide were all dead. In addition, two of the mutants produced developmentally incompetent 2 6 0 eggs with two phenotypes; those with a non-cellularized morphology (Fig 5E-H) , and another population that developed albeit with an abnormal morphology (Fig 5I-L) . These fertilized and developing embryos were structurally abnormal, with unsmooth and irregularly-shaped yolk as well as asymmetrical cell division that culminated into a blastodisc with a group of cells on top of an enlarged syncytium (arrow). These eggs underwent developmental arrest at around 4 hpf or 2 6 5 the MBT and appeared to regress with further expansion of the syncytium (Fig 5J-K) until death by 24 hpf. This phenotype was also observed previously by us in npm2b mutant-derived eggs [22] .
The observed phenotype of the foxr1 mutant-derived uncellularized eggs was very similar to previously described unfertilized eggs [23] . Thus, the foxR1 mutant females were mated with 1 4 which would only be transmitted from the father since the mutant females did not carry this gene. We found that these uncellularized eggs from the foxr1 mutant females did indeed carry the gfp gene (Fig 4M) which indicated that they were fertilized, but were arrested from the earliest stage of development and did not undergo any cell division. These novel findings showed for the first time that foxr1 is essential for the developmental competence of zebrafish eggs, and is therefore a crucial maternal-effect gene.
In order to delve into the possible mechanisms that may be involved in the reduced reproductive success of the foxr1 mutants, we investigated the expression levels of p21, p27, and rictor, which were previously reported to be repressed by the Foxr1 transcription factor in mice 2 8 0 (Santo et al, 2012). We found that there was substantially increased expression of p21 (4.83±1.09 vs 0.25±0.03 in controls; p<0.0022) while that of rictor was significantly decreased (0.83±0.11 vs 1.81±0.23 in controls; p<0.0007) in the foxr1 mutant-derived eggs as compared to eggs produced by wildtype females (Fig 6A-C) . These results were in line with a growth arrested phenotype that was observed in the uncellularized and developmentally challenged eggs from the 2 8 5 foxr1 mutant females.
Discussion
In this study, we first investigated the evolutionary history of foxr1 in order to gain 2 9 0 perspective into its phylogenetic relationship among homologs from a wide range of species and to clarify its origins. Using the zebrafish protein sequence as query to search for homologs in other species, we retrieved Foxr1 sequences from a broad variety of vertebrates, including actinopterygii, sarcopterygii, and sauropsids which suggested the essentialness of this protein in 1 5 most vertebrates. We also retrieved Foxr2 sequences due to its high similarity to the zebrafish 2 9 5
Foxr1 peptide (Supplemental Data 3), although we and others demonstrated that the foxr2 gene is absent from all actinopterygii and sauropsid species, and can only be found in mammals.
Evidence from the phylogenetic analyses showed a clear distinction in derivation of the actinopterygian foxr1 and the mammalian foxr2; the divergence of the ancestral foxr1 gene in actinopterygii from that of the sarcopterygii and sauropsids occurred quite early in evolution, duplication events such as the teleost-specific whole genome duplication (TGD) and salmonidspecific whole genome duplication (SaGD) occurred in the teleosts. It is also possible that foxr1 was duplicated in the ancestral actinopterygii and subsequent gene losses in bowfin as well as in the teleosts especially following the multiple gene duplication events such as the teleost-specific whole genome duplication (TGD) and salmonid-specific whole genome duplication (SSGD).
1 6 mentioned species could also be due to independent and phylum-specific gene retention or independent gene duplication events that occurred only in these species. Further analyses on the two copies of foxr1 in these species are warranted in order to verify the functionality of both tilapia [8, 11, 13] , but in the male germ cells and spermatids in mouse and human [24] . It was further shown to be abundantly expressed in the early cleavage and gastrula stages of Xenopus embryos, but absent in post-gastrula stages due to rapid degradation of its mRNA, indicating that it is a maternally-inherited transcript [25] . Thus, the foxr1 gene may play different roles in reproduction in teleost fish/amphibians and mammals, suggesting that foxr2 in mammals may have evolved to have comparable functions to the teleost/amphibian foxr1. Future studies to test this are necessary to confirm the function of foxr2. To confirm these results found in other teleosts in zebrafish, we first examined the expression profile of foxr1 in various tissues, and we showed by qPCR as well as by RNA-seq that there was also an ovarian-specific expression of foxr1 and negligible amount in the testis as in the other fish species. By ISH, we found that the 3 3 5 foxr1 transcript was progressively stored in the growing oocytes from the very early stages (Fig   3C-D, arrows) to later staged oocytes (Fig 3D-E) , and could be found abundantly in mature fertilized eggs (Fig 3B and Fig 4A) . These results demonstrated that foxr1 is one of the maternal products that is deposited into the developing oocytes during oogenesis in zebrafish.
Having established that foxr1 was indeed a maternal factor, we investigated its function 3 4 0 via mutagenic analysis with CRISPR/cas9. We used the F0 mosaic mutant females that were shown to have a decreased level of foxr1 mRNA for analysis due to the difficulty in transmitting the mutated foxr1 gene to future generations as both the F0 foxr1 mutant females and males produced mostly non-viable progeny, and the surviving descendents were all of wildtype genotype. This may be due to the efficiency of the CRISPR/cas9 mutagenic system in knocking 3 4 5 out the foxr1 gene very early on during the development of the animal. We found that the foxr1 mutant females produced bad quality eggs, and the developmental success of their progeny was very low, similar to that of foxl2 and foxo3 mutants. Thus, it is likely that foxr1 is also required for proper ovarian development and function. Further, we found that the foxr1 mutant-derived eggs were non-cellularized and did not undergo subsequent cell division despite being fertilized. This suggested that their defect did not lie in the capability to be fertilized, as seen in slc29a1a and otulina mutants [3] , but in the cell cycle and proliferation processes. Thus, we investigated the expression profiles of p21, p27, and rictor , which are all cell cycle and cell survival regulators, since Santo et al had previously knocked down foxr1 using short hairpin RNAs in mammalian cells and found it to be a transcriptional repressor of them [26] . In this report, we also 3 5 5 observed a dramatic increase in p21 transcript in the eggs from foxr1 mutant females, although the expression of p27 was unchanged, while that of rictor was decreased. Both p21 and p27 are well known cell cycle inhibitors, and rictor is a component of the mTOR (mammalian target of rapamycin) complex that is a major regulator of cell growth and proliferation [27, 28] . In fact, mitogens or some survival signal activates a survival cascade, such as the PI3K/Akt pathway, 1 8 with a phenotype of growth arrest and anti-proliferative effects as seen in our eggs derived from foxr1 mutant females. The different results that we observed as compared to those from Santo et al were probably due to species-and cell type-specific effects.
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In this study, we showed that foxr1 are found in a wide-range of vertebrates and are homologous to the foxr1 genes found in other species. In teleosts, foxr1 expression is found predominately in the ovary while in mammals, it appears to be specific to the male germline. We also found that foxr1 is a novel maternal-effect gene and is highly expressed in the developing oocytes as well as accumulated in mature eggs to be used in early embryogenesis. Maternally-
inherited foxr1 is required for the first few cleavages after fertilization for proper cell growth and proliferation via p21 and rictor, since deficiency in foxr1 leads to either complete lack of or abnormal cell division culminating to early death in the fertilized egg. Thus, the results of this study establishes a link between egg quality and the control of early cell cycle and the mTOR patway via the potential transcriptional factor, foxR1. Foxf1 is required for differentiation of extra-embryonic and lateral plate mesoderm. [26] Santo EE, Ebus ME, Koster J, Schulte JH, Lakeman A, Van Sluis P, Vermeulen J, replicates. The number shown at each branch node indicates the bootstrap value (%). The tree following normalization using 18S, β -actin, and ef1α expression while that by RNA-seq is tetrazolium as substrate. The negative control was performed with the sense probe (Fig 3F-H) . 
